In the present study, the thermal decomposition characteristics of polyethylene (PE) in oxygen-free and low oxygen content circumstances were examined by molecular dynamic (MD) simulations at atomic scale using reactive force field (ReaxFF). Temporal evolutions of species were captured reasonably during the processes of thermal decomposition. The effects of oxygen content, temperature and heating rate were also analysed. In addition, the kinetic properties were predicted with reliable parameters. The results show good agreements with the available ones, which illustrate that the species with two carbon atoms are the vast majority of final products. Higher oxygen content and temperature promote the generation of small molecules with carbon atom number less than or equal to 10. In the presence of oxygen, greater activation energy span and reaction order are calculated with lower adjust R 2 , which indicates complex reactions according to kinetic analysis. The initial decomposition temperature of PE is proportional to the heating rate owing to heat transfer lag.
Introduction
Polyethylene (PE) is one of the most widely used polymers in industries and daily life owing to its diversity and convenience. Subsequently, negative effects such as environmental pollution highlight increasingly. A proper thermal treatment is helpful to resolve the disposal problems and recover energy from wastes simultaneously [1] .
Many investigations on the decomposition of polymers were carried out at high temperatures by experimental methods [2] [3] [4] [5] [6] , such as thermogravimetric analysis (TGA), differential thermogravimetric (DTG), thermal volatilisation analysis (TVA), differential thermal analysis (DTA), differential scanning calorimetry (DSC), pyrolysis gas chromatography (PGC), thermomechanical analysis (TMA), Fourier transform infrared (FTIR) and non-dispersive infrared analyser (NDIR). The initial and final temperatures of thermal decomposition, the temperature-dependent weight loss and some productions can be monitored. In order to understand kinetics and thermodynamics, some analysis models also were developed [1, [7] [8] [9] [10] . However, it is still a big challenge to capture the evolutions of microstructures owing to the space limitation in experiments. Furthermore, the physical and chemical reactions during thermal decomposition are so complex [3] that it is difficult to clarify through experiments only.
Quantum mechanics (QM) is limited by its computationally expensive even though it can provide high accurate results [11] . Alternatively, molecular dynamic (MD) simulations are acceptable to examine the energy and product distribution evolutions at atomic scale based on force fields. Conventional force field, which lacks describing of dissociation and formation of the covalent bond, is unavailable to examine the issues involving chemical reactions [11] . As for the initiation reaction and primary radicals formed in the decomposition process, reactive MD based on an extension of classical force field provided the mechanisms of chemical transformations in polymer-based materials, such as poly (methyl methacrylate) (PMMA) [12] , polyisobutylene [13] , PE, polypropylene (PP) and poly (isobutylene) (PIB) [14] . In addition, reactive force field (ReaxFF) based on bond order was developed recently to simulate complex chemical reactions effectively [15] . The parameters in ReaxFF are obtained from QM, which guarantees the accuracy in simulation.
During the thermal decomposition of chain-like polymers, the chemical reactions [4, 16, 17 ] mainly include chain scission, H-abstraction or H-shift, radical transfer, β-scission, branching, cyclisation, depolymerisation and backbiting. Some studies examined the thermal decomposition in pure nitrogen environment [18, 19] to avoid the participation of oxygen, which is defined as a pyrolysis process. Liu et al. [17] carried out reactive MD simulations on the pyrolysis of high density PE in a vacuum, which focuses on the reaction mechanisms and reaction pathways. It was assumed that PE thermal decomposition is a single-step reaction under nitrogen atmosphere without oxygen [20] . However, the creation of absolute oxygen-free environment is often disturbed by the presence of a small amount of oxygen unavoidably. It is necessary to identify the reaction mechanism interactions for PE and oxygen, respectively, in which the expressions of potential energies are listed below.
Bond stretching (PE and Oxygen):
Angle bending (PE):
Non-bonded (PE and Oxygen):
OPLS (PE)
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in the presence of low-content oxygen which takes oxidation into account.
Ouiminga et al. [6] examined the effects of temperature and local concentration of oxygen on the conversion of carbon experimentally. They obtained that the overall efficiency of carbon conversion increases linearly with the local concentration of oxygen. Roy et al. [21] studied the thermal degradation of low-density PE (LDPE) in both nitrogen and air circumstances. From DTG curves, single-and multi-stage decomposition processes were illustrated in nitrogen and air environments, respectively. In addition, a strong influence of temperature was also found. As a complex process of thermal decomposition in air, different products including peroxides, acids and alcohols were formed involving multi-reactions with various mechanisms. MartıŃ et al. [22] pointed out that there is a high dependence on the temperature and time for thermal degradation products, which shows a high contribution of aldehides at low temperature treatments and a high contribution of aromatics at high temperature treatments, respectively. Comparing with air atmosphere with adequate oxygen, the reaction mechanism in thermal decomposition process of PE with an insignificant amount of oxygen should also be examined and clarified.
The object of the present study is to explore the thermal decomposition reactions of PE and to evaluate the influences of reaction conditions, such as oxygen content, temperature and heating rate. The kinetic characteristics such as activation energy and reaction order in the evolution of physical and chemical processes are quantitatively determined based on ReaxFF MD simulations. Finally, comparisons with available data are also carried out to validate the present simulation.
Molecular dynamic simulations

Molecular structures
Smith et al. [23] pointed out that small molecules less than 100 repeat units in kinetic models of thermal decomposition of polymers may result in significant errors. Accordingly, linear PE chains with monomers -[-CH 2 -CH 2 -] n -were modelled with a chain length of 100, which is demonstrated by the number of ethylene monomers n in a single chain. In addition, twelve PE chains (n = 100, C 200 H 402 × 12 = 7224 atoms in a single chain) were packed into a cubic box with periodic boundary conditions in all three orthogonal directions.
A system with three layers, which aims to simulate the thermal decomposition in the presence of a small amount of oxygen, was also established using Moltemplate [24] and Packmol [25] packages, as shown in Figure 1 (all visualisations in this paper are implemented via VMD [26] ). The numbers of oxygen molecule were selected as 100, 150 and 200, respectively, which are in the range of quite low ratio between oxygen and PE to create poor oxygen environments.
In the viewpoint of the statistical analysis, three samples were established with a unique configuration for each case discussed in this study (Table 1 ) to obtain an average and errors.
Force field selection
During the relaxation process without reactions, OPLS [27] and PCFF [28] were adopted to describe the intra-and inter-molecular where K r and K θ are the stiffness coefficients of bond stretching and angle bending potentials, respectively. In addition, r eq and θ eq are the equilibrium bond length and angle, respectively. Furthermore, V i (i = 1, 2, 3) is the coefficient in the Fourier series and fi (i = 1, 2, 3) is phase angle. The non-bond interactions with a cut-off distance of 10.0 Å for the LJ potentials were implemented. In addition, Coulombic forces were calculated via Ewald approach with an accuracy of 1 × 10 −4 taking long-range interactions into account. The ReaxFF in LAMMPS [29] concerning hydrocarbon oxidation [30] (C/H/O systems) was chosen to capture the physicochemical changes in thermal environment.
Molecular simulation
Relaxation process
The simulations including relaxation and reaction were carried out by LAMMPS package [29] . For the simulation in oxygen-free circumstance, an atomic model experienced energy minimisation firstly. Then, a NPT (isothermal-isobaric ensemble) MD simulation under atmospheric pressure was performed using Nose-Hoover method at 300 K for 1 ns with a time step of 0.5 fs. Further equilibration was run under the canonical ensemble (NVT) at 300 K for 200 ps using Nose-Hoover method with a time step of 0.5 fs.
In the simulation of reactions for bulk PE in low oxygen content environment, the nonphysical penetration of oxygen into non-equilibrium PE chains should be eliminated. Correspondingly, a sandwich model containing PE chains and oxygen was generated as shown in Figure 1 . Vacuum layers were created to weak the influence of the boundary condition taking the cut-off distance for non-bond interactions into account. Following minimisation, oxygen layers were constrained firstly by setting zero forces. The relaxation procedure began with a NVE (micro-canonical ensemble) MD simulation using a
Berendsen thermostat at 300 K for 500 ps followed by a NVT MD simulation at 300 K for 200 ps. The whole system with partial constrain experienced a 2 ns NPT MD simulation under 100 atm pressure at 300 K to obtain further aggregation of amorphous PE close to the true density. After relieving all constrains of oxygen layers, a 2 ns NPT MD simulation under atmospheric pressure at 300 K for 200 ps using Nose-Hoover method was performed finally to reach a real status for PE mixed with oxygen. Figure 2 shows the final equilibrium examples of pure PE (Figure 2(a) ) and the mixture of PE and oxygen ( Figure 2(b) ). The cases discussed in this study were listed in Table 1 , which took the oxygen content into account.
Reaction process
As a bond order-dependent force field, ReaxFF [15, 30] allows bonds to break and form during the simulations. Controlled by ReaxFF with a time step of 0.1 fs, a heating process from 300 K up to the target temperature T t with a heating rate of β was performed in the equilibrium of PE systems mentioned in Section 2.3.1. Further equilibrium process at the constant T t was carried out with a NVT ensemble for 100 ps. Various reactions involving the thermal decomposition process took place in the two stages [11] .
The effects of temperature (T t , ranging from 2000 to 3000 K with an interval of 200 K) on the reactive process were examined. The reason for setting a high temperature is to observe the slow and thermos-dynamically possible reactions taking the limitations of simulation time and the computational cost into account, which have been implemented in the previous investigations with reasonable results [11, 17, 23, 31] . In addition, in order to discuss the effects of heating rate, β = 10, 25, 50, 75 and 100 K/ps were selected, respectively. Figure 3 displays the temporal curves of species formed in the process of heating two PE systems (c = 0 and 9%) from room temperature to 3000 K with a heating rate β = 100 K/ps. Each reaction with c = 9% is almost kept constant after a moderate decline across the critical one. As for the initial temperature (T s ) of thermal decomposition, the value in oxygen-free circumstance (2031.28 ± 81.27 K) is slightly lower than that in low oxygen content environment with c = 9% (2242.91 ± 106.62 K).
Results and analysis
Species formation
Consumption histories of oxygen molecules are plotted in Figure 4 , where the solid lines and corresponding shading areas demonstrate the average values and error bands using statistical analysis, respectively. It can be found that the consumption rates depend on the oxygen content nonlinearly. At the end of ReaxFF MD simulations, all oxygen molecules are almost consumed with a few of residuals.
After 100 ps ReaxFF MD simulations of thermal decomposition at 3000 K in both oxygen-free (c = 0%) and low oxygen content (c = 9, 12 and 16%) environments, the final products are small molecules with carbon atom number less than or equal to 10, which are denoted as C 0 -C 10 . Figure 5 plots the distributions of final products in different circumstances, where abscissa C i (i = 0, 1, 2, …, 10) is the product category denoted using carbon atom number contained and ordinate is the corresponding numbers. It can be found that the molecules with carbon atom number less than four account for a substantial part of all the small molecules. The numbers of the rest are insignificant with less than 15 on average. Abscissa 'Total' on the right-hand side of Figure 5 is the sum numbers of C 0 -C 10 for each system. It can be seen that the presence of oxygen facilitates the formation of small molecules, especially for the creation of C 0 category.
The principal hydrocarbons and hydrogen (C 0 -C 4 ) at the end of 100 ps ReaxFF MD simulations in different circumstances (c = 0, 9, 12 and 16%) are summarised in Figure 6 . It can be found that the numbers of methane CH 4 , ethane C 2 H 6 and propylene C 3 H 6 are inversely proportional to the oxygen content. In addition, the numbers of acetylene C 2 H 2 , and hydrogen H 2 in the presence of oxygen are larger than those in the case of oxygen-free. However, the number of ethylene C 2 H 4 in low oxygen content environment is smaller than that without oxygen, even though it is proportional to the oxygen content in the presence of oxygen. category of species is indicated by the symbol C i , where subscript i equals to the carbon atom number contained. C 0 represents hydrogen molecules H 2 and free hydrogen atoms ·H in the case of reactions without oxygen, as shown in Figure 3 (a) (case 1 in Table  1 ). In the presence of oxygen, as illustrated in Figure 3 (b) (case 2 in Table 1 ), water molecules H 2 O, hydroxide free radicals ·OH, oxygen molecules O 2 , free oxygen atoms ·O, hydrogen molecules H 2 and free hydrogen atoms ·H are classified as C 0 . C 4+ is defined as the category of species with carbon atom number greater than or equal to four. As shown in Figure 3 , the solid line is the average value for each category. The error band is demonstrated by the shading area correspondingly.
As the vast majority of species, C 2 molecules during the reaction in oxygen-free circumstance (Figure 3(a) ) hold more numbers. Another obvious difference between two reactions is C 0 distributions. Besides hydrogen molecules H 2 and free hydrogen atoms ·H, water molecules H 2 O, free radicals ·OH and free oxygen atoms ·O also contribute to the ingredients of C 0 category in the presence of oxygen. This results in C 0 significantly increase in the system with c = 9% (Figure 3(b) ). For the numbers of C 4+ groups in two PE systems, both of them rise to peak values during initial period. Rather than drop down to a very small value as seen in oxygen-free circumstance, the number of C 4+ in the content. The rest three products generate randomly with small numbers less than twenty on average.
Temperature-dependent analysis
Temperature plays a significant role in the process of thermal decomposition [11, 17] . In order to accelerate the dynamics for reactive MD simulations, high temperatures (T t ) ranging from 2000 to 3000 K with an interval of 200 K were chosen in the present study. Figure 9 illustrates the effect of target temperature on the consumption for a single sample of PE chains in oxygen-free environment with a heating rate β = 100 K/ps. The consumption rate of PE chains increases with a rise of target temperature. However, accelerating rate slows down as target temperature increases.
Liu et al. [17] reported that the volatiles are roughly those molecules with carbon atom number less than or equal to 31 according to Py-GC/MS experiments. The statistical chart shown in Figure 10 reveals that the higher temperature helps larger molecules to crack into smaller ones. When the target temperature T t reaches or exceeds 2600 K, the final products of PE thermal decomposition are small molecules C 0 -C 10 . Below 2600 K, the weight proportion of small molecules C 0 -C 10 decreases as the target temperature T t decreases. For the molecules with carbon atom number ranging from 11 to 31, the molecules with more carbon atom number have larger proportions when the target temperature T t is lower. The results from MD simulations and Py-GC/MS experiments carried by Liu et al. [17] are consistent with the results obtained in the present study on the temperature-dependent.
The temperature effects on the generation of gaseous molecules are illustrated in Figure 11 , where the solid lines and the shading area represent average numbers and error bands obtained according to three samples, respectively. As shown in Figure 11 (a), the ethylene molecules C 2 H 4 are the most frequently As a complex process with multi-reactions of PE thermal decomposition in oxygen [21, 22] , alcohols, aldehydes, acids and peroxides are formed. Figure 7 describes the evolutions of alcohols (Figure 7(a) ), aldehydes (Figure 7(b) ), acids ( Figure  7(c) ) and corresponding peroxides (Figure 7(d-f) ) during the ReaxFF MD simulation in a single PE sample with c = 9% when T t = 3000 K and β = 100 K/ps as an example. It can be obtained that the numbers of aldehydes are the largest, which are followed by the numbers of methanol CH 4 O. The final numbers of the four products are plotted with respect to the oxygen content in Figure  8 by the statistical analysis. As the largest number of aldehyde, the number of formaldehyde CH 2 O is proportional to the oxygen propylene molecules C 3 H 6 shows the similar trend with a peak average point around at T t = 2400 K. Exceeding 2400 K, the numbers of methane molecules CH 4 , acetylene molecules C 2 H 2 , ethane molecules C 2 H 6 and hydrogen H 2 increase obviously.
observed products, whose numbers reach the maximum in the target temperature range of 2400 to 2600 K. The evolution of However, temperature effects on the evolutions of propane C 3 H 8 and butane C 4 H 10 are so small that can be ignored. In the MD simulations carried out by Liu et al. [17] , it was illustrated that as the main product in the temperature range of 2000 to 3000 K, the numbers of ethylene and propylene reach their maximum values around at 2500 K. The numbers of hydrogen, methane and acetylene rise rapidly when the temperature exceeds 2500 K. The numbers of ethane and propane remain relatively stable. The results obtained by the present method show good agreements with the ones described in the existing literature [17] .
As the principal gaseous products of PE thermal decomposition, the evolutions of methane CH 4 , ethylene C 2 H 4 and propylene C 3 H 8 with respect to target temperatures can be observed in Figure 11(b-d) . The monotonic relation between the numbers of methane molecules CH 4 and the target temperature at a given time point can be obtained (Figure 11(b) ), which is consistent with the existing experimental result in temperature ranging from 400 to 1000 K [32] . As illustrated in Figure 11 where α is the mass loss fraction, which equals to (m 0 − m)/ (m 0 − m ∞ ). m 0 and m ∞ are the initial mass before reaction and residual mass after reaction, respectively. In addition, E a , A, R, T and n are activation energy, pre-exponential factor, ideal gas constant, absolute temperature and reaction order, respectively. A method for the prediction of activation energy was derived as [21, 33] The value of certain mass loss α was chosen in the range from 0.1 to 0.9 [17] with an interval of 0.1. As shown in Figure 12 , E a can be calculated by the linear plot of logβ versus 1000/T. The average value of E a varies from 232.60 to 283.11 kJ/mol with respect to α by the statistical analysis, which is consistent with the result obtained from the literature [21] with the E a range of 250-280 kJ/mol for neat LDPE. Using the similar method, the activation energy E a for PE with c = 9% versus α can be predicted, whose average value ranges from 50.67 to 414.10 kJ/mol. In the presence of oxygen, the variation span of activation energy with respect to conversion percentage is so large, indicating the complexity of reaction in thermal decomposition.
According to Crane function [7] , the reaction order n can be calculated using where T* is the temperature of maximum reaction rate. As shown in Figure 13 for PE with c = 0% and α = 0.9, the reaction order n and the adjust R 2 according to the slope of the linear fit of lnβ vs. 1000/T* were 0.87 ± 0.05 and 0.93 ± 0.03, respectively. The corresponding values of PE with c = 9% and α = 0.9 are n = 1.08 ± 0.22 and R 2 = 0.68 ± 0.08, respectively.
Discussions
Oxygen content-dependent
Ouiminga et al. [6] examined the conversion rate of carbon with respect to local oxygen content at different temperatures for plastic bags (made from PE) experimentally. They obtained a decreasing rate of carbon converted into methane CH4 and ethane C2H6 as oxygen content increases in the temperature range from 1073.15 to 1273.15 K and local oxygen content range from 0 to 21%. They concluded that overall efficiency of carbon conversion is linearly proportional to the local concentration of oxygen, which is consistent with the results showed in Figures  5 and 6 .
Temperature-dependent
The results of temperature-dependent are similar as existing ones obtained from MD simulations and experiments carried by Liu et al. [17] . They found that the ethylene C 2 H 4 is the main product within the temperature range between 2000 and 3000 K. The same conclusions can be observed as shown in Figures 6 and  11(a) . (7) log ≅ 0.457
where
and propylene molecules C 3 H 8 are piecewise. The same results were also obtained in the previous investigation using MD simulations [17] .
Kinetic analysis of thermal deposition
The decomposition reaction of PE at high temperature is an irreversibility process of random cracking into short chains and volatiles. The kinetic equation of mass loss is described as [9, 21] For the temperature effects on temporal numbers of ethylene molecules C 2 H 4 (Figure 11(c) ) and propylene molecules C 3 H 8 ( Figure 11(d) ), the non-monotonic relations are observed. When the target temperature T t is lower than 2400 K, the temporal numbers of both (C 2 H 4 and C 3 H 8 ) increase monotonously. In the case of T t ranging from 2400 to 2600 K, the numbers of both sustain stably after reaching the peak values. Above 2600 K, the numbers of both experience a fast rise to reach the peak values followed by a decline. The reason for the rise and down evolution at high temperature lies in H-abstractions, e.g. ethylene C 2 H 4 is converted mainly to acetylene C 2 H 2 or ethane C 2 H 6 [17] . This explanation can be supported by the rapid growth in the numbers of acetylene C 2 H 2 , ethane C 2 H 6 and hydrogen H 2 when heating up over 2600 K, as shown in Figure 11 (a).
Heating rate-dependent
The weight loss was calculated by the ratio of the residual mass removing the mass of volatiles to the total one. For the components of the volatiles, molecules with carbon atom number less than or equal to 31 were taken into account [17] . The relation of weight loss and temperature with respect to heating rate β is plotted in Figure 14 . As the heating rate β increases, the curve is displaced to a higher temperature resulted from heat transfer lag [1] , which shows a good agreement with typical TG data [1, 8, 10, [20] [21] [22] .
Reaction mechanism discussions
Denq et al. [8] reported that monomer scission from the polymer chain end, small molecule scission from a side chain or cyclisation are the prominent characteristics in the zero-order reaction. A first-order reaction is a process of intramolecular and random scission of the main chain. During second-order reaction, two random polymer segments collide simultaneously as intermolecular transfer and scission. Generally, the overall thermal decomposition of the polymer should be taken multi-order combined reactions into account.
As mentioned in Section 3.3, the variation span of average activation energy for PE with c = 9% (50.67-414.10 kJ/ mol) is much greater than that in oxygen-free circumstance (232.60-283.11 kJ/mol). In addition, the reaction order n of thermal decomposition for PE systems with c = 0% and c = 9% are 0.87 ± 0.05 and 1.08 ± 0.22, respectively. The corresponding adjust R 2 according to the slope of the linear fit are 0.93 ± 0.03 and 0.68 ± 0.08, respectively. The thermal decomposition in the presence of oxygen is more complex with multi-reactions [21, 22] .
During the decomposition reaction at the high temperature, it begins with random chain scission producing small molecules as free radicals [20] . The further reaction can produce smaller hydrocarbon molecules, liquids and gases. Martín-Gullón et al. [22] stated that the thermal degradation of poly-(ethylene terephthalate) (PET) is initiated by random scission of the chain at the ester linkage. Many different gaseous substances as primary products are formed after the scission. In the presence of oxygen, further reactions take place among the primary products and also with oxygen to generate secondary products.
In the present simulation, the random scission of the PE chain is obtained during the thermal decomposition initially, and oxygen molecules preserve a constant without reactions until small gaseous products reach the definite numbers. Details of the The final principal gaseous products at the end of 100 ps ReaxFF MD simulation, such as ethylene molecules C 2 H 4 and propylene molecules C 3 H 6 , experience a rise followed by a drop with respect to the temperature as shown in Figure 11 (a), which are different from the experimental results [32] with a steady increasing. According to the study by Liu et al. [17] , one possible explanation is that such difference is most likely caused by the secondary reactions of ethylene resulting from the artificially increased high temperatures in simulations. The other is lacking the setting of gaseous products escape in closed simulation environment, which differs from experiments. evolutions of species formed during thermal decomposition in different environments were captured reasonably. The effects of oxygen content, temperature and heating rate on the evolution of thermal decomposition were also discussed. Moreover, kinetic properties of different PE systems were calculated with reliable predictions. By comparing the current results with the existing data, the method adopted was validated. Some conclusions can be summarised as follows. reaction path should be clarified to capture the reaction mechanism in further study.
Validation of kinetic analysis
The comparisons of the kinetic parameters with the existing data reported in available literatures are summarised in Table 2 for PE systems in oxygen-free environment. It can be found that the parameters predicted are considered reliable. As shown in Figure 15 , the variation of activation energy E a with respect to conversion percentage α (range from 0.1 to 0.9 with an interval of 0.1) was plotted in circumstances with different oxygen contents. In the case of oxygen-free (hollow square scatters), the average value of activation energy fluctuates lightly from α = 0.1 to 0.7 followed by a rise as α increases further. It can be assumed that the variation of E a in oxygen-free environment is a process of mild growth during the thermal decomposition. Roy et al. [21] grasped the similar trend with moderate increasing through the analysis of TGA data in nitrogen. The more complex E a variation was observed in oxygen presence, as indicated by the hollow circle scatters in Figure 15 . At the initial stage of thermal decomposition (α = 0.1), an extremely small value of E a (the average value is 50.67 kJ/mol) is obtained according to Equation (7), which is followed by an increasing variation. Roy et al. [21] described that the peroxides are formed at the initial period (α < 0.2) with low activation energy. They also found that activation energy of PE increases after the conversion reaches 20%, even though it becomes erratic thereafter via the analysis of TGA data in air. The monotonicity of activation energy variation for PE with c = 9% is fair in the present study.
Generally, the method of kinetic analysis adopted is reasonable with reliable predictions.
Conclusions
By adopting ReaxFF MD simulations, the thermal decomposition characteristics of PE systems in both oxygen-free and low oxygen content circumstances were examined. The temporal 
